Purpose: STAT3 is a transcription factor that is constitutively activated in some cancers. It seems to play crucial roles in cell proliferation and survival, angiogenesis, tumor-promoting inflammation, and suppression of antitumor host immune response in the tumor microenvironment. Although the STAT3 signaling pathway is a potential drug target, clinical, pathologic, molecular, or prognostic features of STAT3-activated colorectal cancer remain uncertain.
Introduction
STAT3 (the HUGO-approved official symbol for signal transducer and activator of transcription 3) is a transcription factor that is activated in response to the binding of a large number of cytokines, hormones, and growth factors to their receptors and by activation of intracellular kinases (1) (2) (3) . It is constitutively activated in a variety of human cancers including colorectal cancer and plays crucial roles in cancer cell proliferation, survival, metastasis, and angiogenesis (1) (2) (3) . In addition, STAT3 signaling is a major intrinsic pathway for cancer-related inflammation in the tumor microenvironment; STAT3 has been reported to induce cancer-promoting inflammation and inhibit antitumor immunity (4) (5) (6) (7) (8) . Thus, accumulating evidence has implicated STAT3 as a promising target for cancer therapy and chemoprevention (9) (10) (11) (12) (13) (14) (15) and better understanding of the mechanism and consequence of STAT3 activation in human cancer is needed. Nonetheless, prognostic significance of STAT3 activation in colorectal cancer remains uncertain because of small sample sizes (N < 130) of all of the previous studies on STAT3 and colorectal cancer prognosis (16) (17) (18) (19) . Given experimental data suggesting a tumor-promoting role of STAT3 in colorectal cancer (16, (20) (21) (22) (23) , we hypothesized that phosphorylated-STAT3 (p-STAT3) expression (i.e., STAT3 activation) might mark colorectal cancer with aggressive biological behavior.
To test this hypothesis, we examined the prognostic role of p-STAT3 expression, utilizing a database of 724 colorectal cancers in 2 prospective cohort studies with adequate follow-up data and clinical, pathologic, and molecular annotations. Because our database contains information on tumor variables including lymphocytic reaction patterns, KRAS, BRAF, and PIK3CA mutations, microsatellite instability (MSI), the CpG island methylator phenotype (CIMP), and LINE-1 methylation, we could robustly evaluate the relations between p-STAT3 and those variables, as well as the prognostic effect of STAT3 activation independent of these potential confounders.
Materials and Methods

Study group
We utilized the databases of 2 prospective cohort studies; the Nurses' Health Study (N ¼ 121,701 women followed since 1976; ref. 24 ) and the Health Professional Follow-up Study (N ¼ 51,529 men followed since 1986; ref. 24) . A subset of the cohort participants developed colorectal cancers during prospective follow-up. Our study physicians reviewed medical record and obtained information on disease stage and tumor location. Information on body mass index (BMI) and family history of colorectal cancer was obtained prospectively through questionnaire before colorectal cancer developed. We collected paraffinembedded tissue blocks from hospitals where patients underwent tumor resections. We excluded cases for which preoperative treatment was administered. On the basis of availability of adequate tissue specimens and follow-up data, a total of 724 colorectal cancers (diagnosed up to 2004) were included (Table 1) . Those 724 patients were treated at hospitals throughout the United States, and thus were more representative of colorectal cancer cases in the general U.S. population than patients in a few academic hospitals. Among our cohort studies, there was no significant difference in demographic features between cases with and without available tissue (24) . Patients were observed until death or June 30, 2009 , whichever came first, with median follow-up of 129 months for those who were censored. This current analysis represents a new analysis of p-STAT3 on the existing colorectal cancer database that has been previously characterized for CIMP, MSI, KRAS, BRAF, and PIK3CA mutations, LINE-1 methylation, and clinical outcome (24) (25) (26) . However, in any of our previous studies, we have neither examined p-STAT3 expression nor examined the relationship between p-STAT3 and any of the other variables. Informed consent was obtained from all study subjects. Tissue collection and analyses were approved by the Harvard School of Public Health and Brigham and Women's Hospital Institutional Review Boards.
Histopathologic evaluations
Tissue sections from all colorectal cancer cases were reviewed by a pathologist (S.O.) unaware of other data. Tumor grade was categorized as high versus low (<50% vs. !50% glandular area). Four components of lymphocytic reactions [Crohn's-like lymphoid reaction, peritumoral lymphocytic reaction, intratumoral periglandular reaction, and tumor-infiltrating lymphocytes (TIL)] were examined as previously described (27) . Crohn's-like reaction was defined as transmural lymphoid reaction. Peritumoral lymphocytic reaction was defined as discrete lymphoid reactions surrounding tumor. Intratumoral periglandular reaction was defined as lymphocytic reaction in tumor stroma within tumor mass. TIL was defined as lymphocytes infiltrating neoplastic epithelial cells.
Sequencing of KRAS, BRAF, and PIK3CA and analyses for MSI and 18q LOH DNA was extracted from tumor and PCR and Pyrosequencing targeted for KRAS (codons 12 and 13; ref. 28) , BRAF (codon 600; ref. 26) and PIK3CA (exons 9 and 20; ref. 29) were performed. MSI analysis was performed using D2S123, D5S346, D17S250, BAT25, BAT26, BAT40, D18S55, D18S56, D18S67, and D18S487 (25) . MSI-high was defined as the presence of instability in 30% or more of the markers, and MSI-low/microsatellite stability (MSS) as instability in less than 30% of the markers (25) . For 18q LOH analysis using microsatellite markers (D18S55, D18S56, D18S67, and D18S487), LOH at each locus was defined as 40% reduction or more of 1 of 2 allele peaks in tumor DNA relative to normal DNA (30) . 18q LOH positivity was defined as the presence of LOH at any of the 18q markers, and 18q LOH negativity as the presence of 2 or more informative markers and the absence of LOH (30) .
Methylation analyses for CpG islands and LINE-1
Using validated bisulfite DNA treatment and real-time PCR (MethyLight), we quantified DNA methylation in 8 CIMP-specific promoters [CACNA1G, CDKN2A (p16), CRABP1, IGF2, MLH1, NEUROG1, RUNX3, and SOCS1; refs. 25, 31] . CIMP-high was defined as the presence of 6 or more of 8 methylated promoters, CIMP-low as 1 of 8 to 5 of 8 methylated promoters, and CIMP-0 as the absence (0/8) of methylated promoters, according to the previously
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Immunohistochemistry
Tissue microarrays were constructed as previously described (33) . Two 0.6-mm tissue cores, each from tumor and normal colonic mucosa, were placed in each TMA block. Methods of immunohistochemistry have previously been described for TP53 (33) , CTNNB1 (the HUGOapproved official gene symbol for b-catenin; ref. 34) , and JC virus T-antigen (JCVT; ref. 35) . STAT3 is activated by phosphorylation at Tyrosine 705, which induces dimerization, nuclear translocation, and DNA binding. In our current study, we utilized p-STAT3 antibody [rabbit polyclonal anti-phospho-Stat3 (Tyrosine 705), 1:70 dilution; Cell Signaling Technology], which detects endogenous levels of STAT3 only when phosphorylated at Tyrosine 705 . This antibody has been used for immunohistochemistry of formalin-fixed paraffin-embedded specimens (36) (37) (38) and for Western blotting (38) (39) (40) (41) in previous studies, and the specificity of the antibody was shown by Western blotting.
For p-STAT3 staining, deparaffinized tissue sections in Antigen Retrieval Citra Solution (Biogenex Laboratories) were treated with microwave in a pressure cooker (25 minutes). Tissue sections were incubated with 5% normal goat serum (Vector Laboratories) in PBS (30 minutes). Primary antibody against p-STAT3 (1:70 dilution) was applied, and the slides were maintained at 4 C for overnight, followed by anti-rabbit secondary antibody (Vector Laboratories; 60 minutes), an avidin-biotin complex conjugate (Vector Laboratories; 60 minutes), diaminobenzidine (5 minutes), and methyl-green counterstain. Nuclear p-STAT3 expression was recorded as no expression, lowlevel expression, and high-level expression compared with 
Statistical analysis
For all statistical analyses, we used SAS program (Version 9.1, SAS Institute). All P values were 2-sided. When we performed multiple hypothesis testing, a P value for significance was adjusted by Bonferroni correction to P ¼ 0.0022 (¼ 0.05/23). For categorical data, the chi-square test was performed. The Cicchetti-Allison weight was used for calculating the weighted k agreement coefficients for p-STAT3 (trichotomized variable). The Kaplan-Meier method and the log-rank test were used for survival analyses. For analyses of colorectal cancer-specific mortality, patients who died of causes other than colorectal cancer were censored at the time of death. We constructed a multivariate, stage-stratified Cox proportional hazards model to compute mortality HR according to p-STAT3 status, initially including sex, age at diagnosis (continuous), year of diagnosis (continuous), BMI (<30 vs. !30 kg/ m 2 ), family history of colorectal cancer in any first-degree relative (present vs. absent), tumor location (rectum vs. distal colon vs. proximal), tumor grade (low vs. high), Crohn's-like reaction (present vs. absent/minimum), peritumoral reaction (present vs. absent/minimum), intratumoral periglandular reaction (present vs. absent/ minimum), TILs (present vs. absent/minimum), CIMP (high vs. low/0), MSI (high vs. low/MSS), LINE-1 methylation (continuous), BRAF, KRAS, and PIK3CA mutations, 18q LOH, TP53, nuclear CTNNB1, and JCVT. Tumor stage (I, IIA, IIB, IIIA, IIIB, IIIC, IV, and unknown) was used as a stratifying variable by using the "strata" option in the SAS "proc phreg" command to avoid residual confounding and overfitting. A backward elimination with a threshold of P ¼ 0.20 was used to select variables in the final model. For cases with missing information in any of categorical variables [tumor location (1.9%), tumor grade (0.4%), Crohn's-like reaction (1.9%), peritumoral reaction (1.8%), intratumoral periglandular reaction (1.7%), TILs (1.8%), MSI (1.9%), CIMP (1.8%), BRAF (1.5%), KRAS (1.1%), PIK3CA (10%), 18q LOH (41%), TP53 (0.8%), CTNNB1 (4.7%), and JCVT (26%)], we included those cases in a majority category of a given covariate to avoid overfitting. We confirmed that excluding cases with missing information in any of the covariates did not substantially alter results (data not shown). The proportionality of hazard assumption was satisfied by evaluating time-dependent variables, which were the cross-product of the STAT3 variable and survival time (P > 0.05). An interaction was assessed by the Wald test on the cross-product of p-STAT3 variable and another variable of interest (without datamissing cases) in a multivariate Cox model. In addition, multivariate logistic regression analysis was performed to assess independent effect of tumor p-STAT3 expression on either peritumoral lymphocytic reaction or intratumoral periglandular reaction (as a binary outcome variable), using the SAS "proc logistic" command. p-STAT3 expression was used as a binary variable (high/low vs. negative) because both low-level expression and high-level expression showed similar effects. OR was adjusted for age (continuous), sex, BMI ( 30 vs. !30 kg/m 2 ), family history of colorectal cancer in any first-degree relative (present vs. absent), tumor location (proximal vs. distal), tumor grade (high vs. low), CIMP (high vs. low/0), MSI (high vs. low/MSS), LINE-1 methylation (continuous), BRAF, KRAS, and PIK3CA mutations, 18q LOH (present vs. absent), TP53, nuclear CTNNB1, and JCVT. A backward elimination with a threshold of P ¼ 0.20 was used to select variables in the final model.
Results
p-STAT3 expression in colorectal cancer
Among 724 colorectal cancers, we observed p-STAT3-high expression in 131 tumors (18%) and p-STAT3-low expression in 244 tumors (34%) by immunohistochemistry (Fig. 1) . Table 1 shows p-STAT3 expression status in relation to various clinical, pathologic, and molecular features. p-STAT3 expression status was positively associated with peritumoral lymphocytic reaction (P < 0.0001) and intratumoral periglandular reaction (P < 0.0001).
p-STAT3 expression is independently associated with lymphocytic reaction patterns
To assess independent effect of p-STAT3 expression on peritumoral lymphocytic reaction and intratumoral periglandular reaction, we performed a multivariate logistic regression analysis, adjusting for potential confounders ( Considering multiple hypothesis testing, the apparent relationship of MSI-high with peritumoral or intratumoral periglandular reaction should be interpreted with caution; these relations did not reach the Bonferroni-corrected significance level of P ¼ 0.0022.
p-STAT3 expression and prognosis in colorectal cancer
Among the 724 patients with median follow-up of 129 months, for those who were censored, there were 340 deaths, including 210 colorectal cancer-specific deaths. In Kaplan-Meier analysis (Fig. 2) , p-STAT3 expression was significantly associated with shorter colorectal cancer-specific survival (log-rank P ¼ 0.0020) and overall (Table 3 ) was significantly associated with shorter cancer-specific survival in univariate Cox regression analysis (P trend ¼ 0.0005) and in the multivariate Cox model adjusting for clinical, pathologic, and molecular features (P trend ¼ 0.015). In particular, p-STAT3-high cases experienced a significantly higher colorectal cancer-specific mortality (unadjusted HR: 1.85; 95% CI: 1.30-2.63; multivariate HR: 1.61, 95% CI: 1.11-2.34) than p-STAT3-negative cases. The attenuation in the effect of p-STAT3 in the multivariate analysis was principally the result of adjusting for disease stage. When we simply adjusted for disease stage, p-STAT3-high expression was associated with HR of 1.56 (95% CI: 1.09-2.24). Analyses using overall mortality yielded similar, though attenuated, results (Table 3) .
Stratified analysis of p-STAT3 expression and mortality
We examined whether the influence of p-STAT3 expression on colorectal cancer-specific survival was modified by any of the other variables including sex, age, BMI, family history of colorectal cancer, tumor location, stage, tumor grade, lymphocytic reactions, CIMP, MSI, BRAF, KRAS, PIK3CA, LINE-1 methylation, 18q LOH, TP53, CTNNB1, and JCVT. We did not observe a significant modifying effect by any of the variables (all P interaction > 0.10).
Discussion
We conducted this study to examine the prognostic significance of p-STAT3 expression in a large cohort of patients with colorectal cancers. STAT3 is aberrantly activated in a wide variety of human cancers and plays crucial roles in tumor cell proliferation, survival, invasion, and tumor-promoting inflammation (1) (2) (3) (4) (5) (6) (7) (8) . Given the potential for STAT3 as an anticancer therapeutic target (9-15), a 18) showed no prognostic value of p-STAT3. All of these previous studies were limited by small sample sizes and low statistical power (Table 4) . Importance of large-scale studies cannot be emphasized enough, because small studies (e.g., N < 150) with null results have much higher likelihood of being unpublished than small studies with "significant" results, leading to publication bias. In contrast to the prior small studies (16) (17) (18) (19) , our study examined p-STAT3 expression in a much larger cohort of patients with stage I-IV colorectal cancers. Nonetheless, our finding on the relationship between p-STAT3 expression and poor prognosis in colorectal cancer needs to be confirmed by independent data sets in the future.
Experimental studies using colon cancer cell lines have suggested an oncogenic role of STAT3. Inhibition of STAT3 with siRNA has induced apoptosis and cell-cycle arrest in colon cancer cells (22) . STAT3 activation triggered through interleukin-6 and through a constitutively active STAT3 mutant has enhanced cell proliferation and tumor growth (21) . STAT3 activation has been shown to promote tumor growth through the induction of matrix metalloproteinase (20) . A small study (N ¼ 90) has shown a positive association between p-STAT3 expression and nuclear accumulation of CTNNB1 (16) . In our current study, however, we did not find significant association between p-STAT3 expression and CTNNB1 status. This discrepancy might be caused by differences in immunohistochemical methods, correlative errors, or study samples or simply due to a chance variation in the small underpowered study. In addition, STAT3 signaling has been implicated in TFF3 and VEGFA-mediated invasion and growth of colon cancer cells (23) . Our observational data certainly support a role of STAT3 in colorectal cancer progression.
Interestingly, we have found the relationship of p-STAT3 expression with peritumoral lymphocytic reaction and intratumoral periglandular reaction, independent of the clinical and molecular variables that we examined. STAT3 has been implicated in tumor-promoting inflammation and the regulation of host immune response in the tumor microenvironment (1, (4) (5) (6) (7) (8) . Our current data certainly support a potential role of STAT3 in the propagation of tumor-promoting inflammation. Because of the relationship between MSI and lymphocytic reactions, as well as the fundamental importance of MSI in governing the phenotype of colorectal cancer, we examined the relationship between p-STAT3 and MSI and a potential interaction between p-STAT3 and MSI in survival analysis. However, we did not observe a significant association between p-STAT3 and MSI-high or a significant interaction between p-STAT3 and MSI. Future studies are necessary to elucidate biological mechanisms by which tumor STAT3 activation influences lymphocytic reaction in the tumor microenvironment.
There are limitations in this study. For example, data on cancer treatment were limited. Nonetheless, it is unlikely that chemotherapy use substantially differed according to STAT3 status in tumor, as such data were unavailable for treatment decision making. In addition, our multivariate survival analysis finely adjusted for disease stage (I, IIA, IIB, IIIA, IIIB, IIIC, IV, unknown), on which treatment decision making was mostly based. As another limitation, beyond cause of mortality, data on cancer recurrences were unavailable in these cohort studies. Nonetheless, with a median follow-up of greater than 10 years for censored cases, colorectal cancer-specific mortality was a reasonable colorectal cancer-specific outcome.
There are advantages in utilizing the database of the 2 prospective cohort studies. Data on family history, cancer staging, and other clinical, pathologic, and tumoral molecular variables were prospectively collected, blinded to patient outcome. Cohort participants who developed cancer were treated at hospitals throughout the United States, and thus were more representative of colorectal cancer cases in the general U.S. population than patients in 1 to a few academic hospitals. In addition, we assessed the effect of p-STAT3 expression independent of other critical molecular events (e.g., BRAF, PIK3CA, LINE-1 hypomethylation, and MSI) or pathologic features (e.g., lymphocytic reaction) that have been documented to be associated with colorectal cancer prognosis (26, 27) .
In summary, our large study has shown that individuals with STAT3-activated colorectal cancers experience a poorer prognosis, supporting a tumor-promoting role of STAT3. Considering that drugs targeting the STAT3 pathway are intensively being developed and tested in clinical trials for various human cancers (9-12), p-STAT3 expression in colorectal cancer might serve as a predictive tissue biomarker and can be used for patient selection in clinical trials of these drugs. In this respect, our findings may have substantial clinical implications.
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